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 Abstract: Nanoparticles have emerged with substantially to the end user and industrial 
applications. The applications initiated to enhance oil recovery (EOR) and also as an 
alternative solution in increasing the rheological properties of fluids at different condition. 
The study aims to evaluate the effects of various surfactant and nanoparticle 
concentration as well as hydrocarbons on foam stability. Series of static state experiments 
were conducted to investigate the foam development stability of five different 
concentrations for surfactant from 0.05 to 0.25 wt.% and nanoparticle from 0 to 1.00 
wt.% in the presence of white mineral oil in synthetic brine suspension. By discussing the 
Ross-Miles method - half-life capacities (t½), the foam stability of the aqueous foam was 
expected. Results suggested that the foam stability increased with the presence of a 
nanoparticle. The 0.5 wt.% SiO2 nanoparticles enhanced foam formed the most lasting in 
the absence of white mineral oil as its t½ in the presence of oil is 0.6 times smaller than in 
the absence of oil. It is concluded that the presence of nanoparticles for surfactant foam 
stability can be enhanced. The used of nanoparticles can be further study with a different 
type of nanoparticles, only with a small amount of nanoparticles used can further stabilize 
the foam. 
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■ INTRODUCTION 
Ordinarily, EOR that is known as tertiary recovery 
incorporates the process that diminishes the residual oil 
saturation by gas and/or chemical injection, as well as 
thermal recovery methods [1]. However, the large 
mobility ratio between the displacing gas and oil phases is 
a critical challenge to encounter in the EOR process. 
Therefore, such low-viscosity gas is more volatile than 
displaced oil or water in the reservoir. Leading it to 
channel through the reservoir that resulted in the early 
breakthrough of gas with a large volume of hydrocarbon 
trapped in reservoir. 
Moreover, the low-density gas fluid relative to oil 
will readily result in the gravity segregation, which 
inhibits the contact between the displacing gas and deeper 
hydrocarbon zones. The above problems of viscous 
fingering and gravity segregation are considered to be an 
unfavorable displacement condition due to a chance in 
occurrence whereby large oil quantities in the formation 
will be bypassed as well as the formation of residue oil 
saturation that proves to be at high in the case of gas 
breakthrough [1]. In order to achieve a lower mobility 
ratio of solvent to reservoir oil, it is necessary to find a 
mobility control method to make the displacement 
sustain a uniform displacement front. 
Considering the fact that foams have been utilized 
in well-nigh every level of the petroleum production as 
well as a refining process, starting with fathomless 
producing reservoirs, following by oil well drilling, 
stimulation, and production, till downstream vessels, 
foam stability factor has been accentuated in the field 
involved [2]. According to Gonzenbach et al. [3] foam 
generated by a surfactant is prompt to be inadequate for 
mountainous scale operation like EOR as they are most 
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inclined to deteriorate chemically in the beginning even 
before executing their purpose. The inability of this foam 
to maintain long-term stability occurs especially at 
elevated temperature or with the presence of oil or brine. 
In addition to the study by Grigg and Mikhalin [4], there 
are also chances for the surfactant to induce high surface 
retention condition as there is potential for it to be 
adsorbed into the rock. Isari et al. [5] said it also could be 
used using a natural surfactant to recover the interfacial 
tension (IFT) by crude oil. Particles materials respond 
similarly with surfactant in term of factors influencing the 
stability that are generally confided in concentration, 
shape, size of particle and their hydrophobicity [6]. 
The application of foam in tertiary oil recovery had 
been gaining popularity, and it is none other but due to its 
capability of decreasing the gas-phase mobility considering 
it is a mobility control agent. Another approach being 
done through clinical study for human vascular in vitro 
process for it foam stability in foam sclerotherapy in vitro 
[7]. Therefore, generating foam in situ can be a viable 
approach to mitigating the sweep inhomogeneity and 
increase the sweep efficiency of solvent flood due to the 
foaming mechanism. The high conspicuous viscosity of 
foam granted it low mobility of displacing fluid which is 
critical to improving the volumetric sweep efficiency of 
the solvent flood to improve the oil recovery. 
Conventional foam, generated in situ by surfactant-
alternating-solvent injection is extensively practiced in 
the oil and gas industry. Due to its amphiphilic property, 
a surfactant is considered as an effective foam forming 
agent. In another way of speaking, the hydrophilic head of 
surfactant has the affinity to the water phase, while its 
hydrophobic tail has the affinity to gas or oil [8]. 
With the growing interest among researchers in the 
time frame of these few years regarding the employment 
of nanoparticle materials, the replacement for the 
surfactant stability provide partial remedy to the 
limitation of the traditional surfactant-stabilized foam. 
However, early studies on this field had already been 
conducted back in the late ’80s [9] and further brought 
forward in the study regarding food in 2004 [10]. 
Henceforth nanotechnology, through the mean of  
 
nanoparticles, has paved an alternative solution in 
heightening the fluids rheological properties at ambient 
and elated temperatures, even though, detrimental 
significant is significant at particular nanoparticle 
concentrations [11]. The stability of nanoparticles in 
solutions confide on the performance as well as its 
surface activity. Comprehensively, the surface of the 
nanoparticles is usually functionalized by laying shields 
encompassing them. The presence of these shields 
trammels any form of particle-particle interaction while 
reducing the feasibility of nanoparticles aggregation 
[10]. Therefore, the objectives of the present work are to 
study the effects of various surfactant and nanoparticle 
concentration as well as hydrocarbons with well-defined 
on its concentration and viscosity properties on foam 
stability. 
■ EXPERIMENTAL SECTION 
Materials 
Surfactant (sodium dodecyl sulfate) known 
volume was diluted in the deionized water. Taking for 
two hours shaken for the solution to obtain a 
homogenous solution using Orbital Shaker at 240 rpm. 
Then, nanoparticle (silicon dioxide) is added to the 
solution. Brine and white mineral oil are added if 
necessary. The dispersion solution was sonicated for 
four hours to obtain a miscible equilibrium. The 
magnetic stirring helps to disperse the nanopowders 
evenly in the base fluid, but the energy was not enough 
to break any agglomeration of nanoparticles. So an 
ultrasonic bath was used to break the agglomerations of 
nanoparticles. The nonionic surfactant was not sensitive 
to salinity variations because it largely relies on steric 
repulsive force to disperse the nanoparticle. This was 
desirable to select nonionic surfactants as good 
candidates, especially for high salinity conditions. The 
hydrophobic tail of the nonionic sodium dodecyl sulfate 
surfactant (SDS) is non-covalently adsorbed onto the 
silicon dioxide (SiO2) nanoparticles surface [12], while 
the hydrophilic head provides strong steric repulsion to 
prevent aggregation and improve the dispersion of 
nanoparticles. 
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Instrumentation 
The FTIR spectra of SiO2 nanoparticles with SDS 
concentration of 0.25 wt.% and brine solution at 0, 0.1, 
0.3, 0.5, and 1.0 wt.% concentration, respectively from 400 
to 4000 cm–1 were obtained using Perkin Elmer’s ATR-
FTIR Spectrometer (Frontier). The spectra were analyzed 
using OMNIC software with an average scan of 16. 
Procedure 
Static bulk foam test 
Bulk foam experiments can be static or dynamic. 
The foam stability test was set and improved based on 
ASTM-D 6082-62 [13]. In this study, the static stability of 
the aqueous foam was expected by referring to the Ross-
Miles method [14], using its half-life measurements. 
However, the half-life was determined by determining the 
life span essential by the foam to channel half of its initial 
volume. The approach practiced in a spread of foam is air 
expansion. This approach was used to appraise the 
stability of foam in the absence of nanoparticles, 
surfactant, brine and white mineral oil. The equipment 
used consisted of 1 L graduated cylinder, a gas flow meter, 
and a high purity carbon dioxide tank. The standard 
volume of ready solution was introduced into the 
graduated cylinder. At this point, carbon dioxide (CO2) 
gas was allowed to flow through tube into the bottom of 
the solution. After a standard volume of CO2 (about  
500 mL/min)  was introduced,  the flow meter was closed,  
 
Fig 1. Experimental setup of the foam stability at static 
bulk scale with the gas flow controller for air flow control 
 
and the foam stability was determined by the foam layer 
thickness versus the time [14]. 
Additionally, as to characterize the foam stability, 
normalized foams height were measured and calculated 
by using Eq. 1 [15]. 
foam height (t)Normalized height
foam height (t 0)
=
=
  (1) 
where t is time in min. 
Half-life test 
Half-life tests for the foaming agents are conducted 
to decide the crucial foaming agent concentration to be 
mixed with water. Surfactant and nanoparticle were 
mixed with different concentrations in water (SDS: 0.05, 
0.1, 0.15, 0.2, and 0.25 wt.%; Nanoparticles: 0, 0.1, 0.3, 
0.5, and 1.0 wt.%) and agitated by means of an Orbital 
Shaker, and then moved into a graduated cylinder. 
Initial total foam volume is measured and documented. 
The volume of liquid phase collected at the bottom of the 
graduated cylinder is also detailed as a function of time. 
When half of the total liquid volume came out at the 
bottom of the graduated cylinder, the time of this period 
is noted as the half-life of the foam. This method [16] is 
based on the measurement of the liquid phase drained 
volume as a function of time. Foams mixture solution 
are to be prepared through stirring at 240 rpm of 150 mL 
of the liquid phase in stirrer for 2 h and dispersed for 4 h 
in an ultrasonic bath. The prepared foam mixture 
solution is immediately transferred to a 1 L graduated 
cylinder and the drained volume of the foam in term of 
height in the graduated cylinder is recorded every 1 min 
for 10 min. Besides this, as half of the total liquid phase has 
been taken a few time to be recorded as half-life for this 
surfactant/nanoparticle mixture. Below are shown three 
equivalent formulas describing exponential decay [16]. 
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where Ht = remaining foam height after time, t; t½ = half 
time; τ = mean time; and λ = decay constant. 
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■ RESULTS AND DISCUSSION 
Surfactant Screening 
The concentration of SDS surfactant is crucial to 
foam stability and, based on these results, whereby, 
stronger foam can be produced using 0.25 wt.% of SDS 
surfactant for both conditions. Optimum behaviors were 
observed at 0.25 wt.% SDS surfactant. Fig. 2 shows that, 
based on relative foam height measurements (normalized 
height), 0.25 wt.% SDS surfactant produces more stable 
foams at both absence and presence of white oil with 
normalized height of 0.51 and 0.42 respectively. The foam 
is found to be less stable in the presence of white oil as SDS 
solution mixture provide lower foam height at all 5 
concentrations when compared to those in the absence of 
white oil. Fig. 2 showed drastic lower foam height for SDS 
in white oil with very weak stability in which foam level 
diminishes as gas injection ceases after 10 min. As 
concentration increases above 0.02 wt.%, a good foam 
height with reasonable stability and oil displacing 
efficiency was obtained. 
In both cases, the concentration of 0.05 wt.% of 
SDS surfactant produces the weakest foam with the 
lowest normalized height obtained from the experiment 
which is 0.37 in the absence of white oil and 0.33 in the 
presence of white oil. SDS foam was characterized by a 
fairly uniform and broad bubble size distribution. Soon 
after the end of gas sparging, the foam column entered 
the decay reign. The 0.25 wt.% of SDS foam formed the 
most stable in the absence of oil and was largely influenced 
by the oil phase as its normalized in the presence of oil is 
0.8 times smaller than that in the absence of oil. 
 
Fig 2. (a) Foam life for brine solution and mixture of 0.05, 0.1, 0.15, 0.2, and 0.25 wt.% SDS surfactant in absence of 
white oil. (b) Foam life for brine solution and mixture of 0.05, 0.1, 0.15, 0.2 and 0.25 wt.% SDS surfactant in presence 
of white oil 
 
Fig 3. Effect of SDS surfactant and SiO2 nanoparticles concentration on foam stability in term of half-life. (a) Comparison 
of different wt.% of SDS in brine and white oil (b) Comparison of different wt.% of nanoparticles in brine and white oil 
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Effect of SDS Surfactant and SiO2 Nanoparticle 
Concentration on Foam Stability 
The foam half-lives for the two cases of sodium 
dodecyl sulfate (SDS) surfactant are shown in Fig. 3(a). 
The longest foam half-lives were reported at 0.25 wt.% 
SDS for both absence and presence of white mineral oil, 
10.39 and 7.98 min, respectively. In other word, at  
0.25 wt.% of SDS; the foam is the most stable with the 
lowest decay rate for foam height. The results of the SDS 
surfactant also emphasize the importance of surfactant 
concentration. As shown in Fig. 3(b), the highest foam 
half-lives with this 0.25 wt.% SDS surfactant were 
achieved at 0.5 wt.% nanoparticles in the absence of white 
mineral oil and 0.3 wt.% nanoparticles with the presence 
of white mineral oil, which are 16.9 and 13.3 min, 
respectively. The trend of graph for varying nanoparticles 
concentration showed a similar pattern as the half-life 
increases as concentration increases and dropped after a 
certain concentration preference of nanoparticles. 
However, the shortest foam half-life was reported with  
1.0 wt.% of nanoparticles for both cases, 10.0 and 7.7 min 
respectively, which is worse than using surfactant alone. 
It is not recommended to use high concentrations of 
nanoparticles to achieve the best stability. These results 
suggest that the addition of nanoparticles, at certain 
concentrations, might help to slow the drainage of thin 
aqueous film and, therefore, to produce a more stable 
foam. 
Viscosity Test 
To further study the surfactant–nanoparticle 
mixtures, viscosity was determined, and the results are 
shown in Fig. 4. As seen in Fig. 4, the viscosity of 
nanoparticle-surfactant in brine solution showed a 
drastic drop for the concentration from 0 to 0.1 wt.% then 
increased steadily as the SiO2 concentration increases, 
but it is well below 2.5 mPa.s, while the half-life 
fluctuated with the increase of SiO2 concentration. This 
indicates that the higher nanoparticle concentration 
accrues in a more viscous liquid and the outlet rate of 
bulk foam can be delayed more in term of time that 
revamps the foam stability. In spite of that, the 
nanoparticle can partly reduce surfactant the surface 
adsorption, and this effect escalates with increasing 
nanoparticle concentration, hence resulted in the 
downturn of foaming capability of the nanoparticle 
enhanced foam. The former behavior is due to the fact 
that the aggregates formed move away from each other 
and a drastic decrease in viscosity is observed for an 
increase of 0 wt.% of the nanoparticle to 0.1 wt.% of 
nanoparticle. As the concentration increases, viscosity 
also increases because of increased nanoparticle-
surfactant-water interactions, and hence, more 
nanoparticle and surfactant penetrates into the aqueous 
phase, increasing the micelle volume and resulting in 
increased viscosity. Thereupon, the stability of foam is 
strikingly enhanced by flourishing the viscosity. 
 
Fig 4. Viscosity and half-life for nanoparticle-surfactant in brine mixture (a) SiO2 in 0.25 wt.% SDS and brine solution 
mixture of 0.0, 0.1, 0.3, 0.5, and 1.0 wt.% SiO2 in absence of oil. (b) SiO2 in 0.25 wt.% SDS and brine solution mixture 
of 0.0, 0.1, 0.3, 0.5, and 1.0 wt.% SiO2 in presence of oil 
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Fig 5. FTIR spectra of the SiO2 Nps in 0.25 wt.% of SDS and brine solution at (a) 0, (b) 0.1, (c) 0.3, (d) 0.5, and (e) 1.0 wt.% 
 
Characterization of the Synthesized SiO2 
Nanoparticles Solution 
The FTIR measurements of the nanofluid with 
surfactant in brine solution were carried out to identify 
the possible interactions between nanoparticles and 
bioactive molecules, which may be responsible for the 
synthesis and stabilization of nanoparticles with the 
foamer agent used. The mechanism of surfactant 
adsorption on particle surfaces takes place into several 
different manners which are due to; chemical bonding, 
hydrogen bonding, hydrophobic bonding and governed 
by the initial interaction between silica surface van der 
Waals forces [17]. As being defined by Condon [18], 
physisorption or generally means physical adsorption 
takes place due to the attractions between solute 
molecules and adsorbent which did not involve any 
chemical interaction except the relatively weak forces 
encountered at the surface of the solid by means the 
hydrogen bonding and van der Waals forces. 
The FTIR spectra of the nanofluid mixture at 
different concentration were recorded in the wavenumber 
range of 400–4000 cm−1. Fig. 5 presents the spectra of the 
SiO2 nanoparticle mixture in 0.25 wt.% SDS and brine 
solution before gas sparging in which organic bonding 
can be detected in the range of 400–4000 cm−1. With 
adding nanoparticle into the surfactant and brine 
suspension, these bonding vibrations gradually increase 
with more spikes even if these peaks are small in 
consideration to the alcohol bond, O-H, and alkyne 
bond, C≡C. As the concentration of nanoparticle is 
increased above 0.05 wt.%, these vibrations difference 
become virtually undetectable. The amide linkages, C=O 
between nanoparticle in SDS and brine suspension give 
rise to well-known signatures in the infrared region of 
the electromagnetic spectrum. The FTIR spectrum 
reveals a significantly broad band at an approximate 
range from 3600 and 3000 cm–1 that corresponds to the 
bending vibrations of the amide bands of the 
nanoparticle. 
In the approximate range from 1500 to 500 cm−1 
and 3500 to 3000 cm−1, C=O and Si=O bending and 
stretching vibrations due to the polyethylene oxide 
(PEO) of surfactant SDS and SiO2 can be observed. 
These bands show increase intensities with increasing 
concentration from 0 to 0.1 wt.%. The O-H stretching 
vibration that gives rise to absorption from 3500 to  
3200 cm−1 can be tentatively associated with adsorbed 
water in a brine solution. Strong absorptions at 1085 and 
800 cm−1 also can be observed. These absorptions 
identified respectively as the Si-O-Si asymmetry and 
symmetry bands. Theoretically, silica surfaces are 
inherently presence with silanol groups, at which under 
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an adequate concentration on the surface, gives the silica 
hydrophilic properties and experimentally shown, the 
density of silanol highly influence on the adsorption 
behavior of solute species. Upon interaction with 
adsorbates, the OH groups exist particularly act as centers 
of molecular adsorption of competently forming a 
hydrogen bond [19]. 
■ CONCLUSION 
Foam stability and characteristics were studied 
using varies surfactants and nanoparticle concentrations 
in the absence and presence of white mineral oil. Foam 
stability enhances as surfactants concentrations increases. 
High surfactant concentration solutions were 
characterized by fine and fairy uniform distributed bubble 
size whereas lower concentrations clearly reveal a 
different foam texture. The addition of nanoparticles at 
certain concentration to this specific synthetic saltwater 
and oil shows promise when it comes to increasing the 
half time of foam as it might help to slow the drainage of 
thin aqueous film and, therefore, to produce a more stable 
foam. The 0.5 wt.% SiO2 nanoparticles enhanced foam 
formed the most lasting in the absence of white mineral 
oil as its t½ in the presence of oil is 0.6 times smaller than 
that in the absence of oil. Overall, the results with added 
nanoparticles are better than the results with no added 
nanoparticles in term of foam stability. Thus, 
nanotechnology has the capability to have a constructive 
fallout on the EOR process. It is recommended to conduct 
further research to fully improve the stability of nano-
stabilized foam in tertiary petroleum production by: 1) 
Study on the stability through porous media by means of 
dynamic foam testing; 2) Various temperature condition 
for stability testing can be studied further; and 3) Conduct 
study on another type of nanoparticles, surfactants and oil. 
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